Abstract. In a supply-following "smart" grid scenario, buildings can exploit remotely controllable thermostats and "smart" meters to communicate with energy providers, trade energy in real-time and offer frequency regulation services, by leveraging the flexibility in the energy consumption of their heating, ventilation and air conditioning (HVAC) systems. The realization of such a scenario is, however, strongly dependent on our ability to radically re-think the way both the grid and the building control algorithms are designed. In this work, we regard the grid as an integrated, distributed, cyber-physical system, and propose a compositional framework for the deployment of an optimal supply-following strategy. We use the concept of assume-guarantee contracts to formalize the requirements of the grid and the building subsystem as well as their interface. At the building level, such formalization leads to the development of an optimal control mechanism to determine the HVAC energy flexibility while maximizing the monetary incentive for it. At the grid level, it allows formulating a model predictive control scheme to optimally control the ancillary service power flow from buildings, while integrating constraints such as ramping rates of ancillary service providers, maximum available ancillary power, and load forecast information. Simulation results illustrate the effectiveness of the proposed design methodology and the improvements brought by the proposed control strategy with respect to the state of the art.
Introduction
Energy consumers do not usually pay enough attention to when they use energy. Demand for electricity tends to rise especially at times when it seems natural to use it; so natural, in fact, that we all tend to use energy at the same time and in similar ways. Such a common practice can easily lead to peaks in electricity demand that are traditionally met by operating extra power plants for limited portions of time, a solution which is generally expensive and environmentally unfriendly.
A more environmentally-friendly alternative to such a demand-following strategy is offered by supply-following (SF) programs, where utilities provide incentives to encourage consumers to reduce their demand during peak periods and use electricity at a less congested time. Another solution would be to significantly increase the penetration of Renewable Energy Sources (RESs), thus avoiding the introduction of expensive power plants. Several states in the United States and countries around the world have set ambitious targets for penetration of RESs by the next few years. The State of California, as an example, has targeted a 33% RES portfolio by 2020 [9] . However, a large-scale power grid requires continuous power balance between supply and demand; the power flows through individual transmission lines and facilities should also be controlled by continuously adjusting generation or load. Such an instantaneous matching becomes challenging due to the volatility, uncertainty, and intermittency of RESs, and makes their integration into the grid extremely difficult. The situation is even worsened by the uncertainties and randomness in the demand, due to short-term random switching of millions of individual loads, or longer-term (e.g. daily or seasonal) fluctuations in load and weather patterns.
While electricity storage is widely believed to be a solution to these problems by partially absorbing the variability associated with RESs and providing the extra power required at the peak energy demand hours, it is considered as an expensive and not environmentally-friendly solution. On the other hand, there is an emerging consensus that the transition from a demand-following strategy to a supplyfollowing one will finally be enabled by the deployment of advanced metering infrastructure (AMI) devices in the smart grids. In a smart grid, new functions, denoted as ancillary services, are performed by the entities that generate, control, and transmit electricity in support of the basic services of generating capacity, energy supply, and power delivery. In this context, smart buildings can play a significant role. Buildings have inherent flexibility in the way their heating, ventilation and air conditioning (HVAC) systems consume electricity while respecting the occupants' comfort. This flexibility could be used to reduce costs if the electricity price is timevarying, or could be traded (i.e., sold to the utility) to be used for ancillary services.
Such flexible loads with thermal storage capabilities, also denoted as Thermostatically Controlled Loads (TCLs), are deemed to play an important role in regulating the grid frequency and, consequently, in enabling deep penetration of RESs. It has been reported that about 20% of the total electricity consumption in the United States is used by residential TCLs such as air conditioners, heat pumps, water heaters, and refrigerators [1, 2] . Recently, [19, 20] have shown that flexible loads such as TCLs are good candidates for providing ancillary services since their aggregate flexibility can be controlled very fast, and sums up to tens of Gigawatts of power, only in the United States. Modeling, estimation, and control of aggregated heterogeneous TCLs for ancillary services have been discussed in [12] . TCLs are particularly well-suited for Direct Load Control and Demand Response programs that require loads to both decrease and increase power consumption because they
